Resting-state magnetic resonance imaging (rsMRI) is thought to reflect ongoing spontaneous brain activity. However, the precise neurophysiological basis of rsMRI signal remains elusive. Converging evidence supports the notion that local field potential (LFP) signal in the high-frequency range correlates with fMRI response evoked by a task (e.g., visual stimulation). It remains uncertain whether this relationship extends to rsMRI. In this study, we systematically modulated LFP signal in the whisker barrel cortex (WBC) by unilateral deflection of rat whiskers. Results show that functional connectivity between bilateral WBC was significantly modulated at the 2 Hz, but not at the 4 or 6 Hz, stimulus condition. Electrophysiologically, only in the lowfrequency range (<5 Hz) was the LFP power synchrony in bilateral WBC significantly modulated at 2 Hz, but not at 4-or 6-Hz whisker stimulation, thus distinguishing these 2 experimental conditions, and paralleling the findings in rsMRI. LFP power synchrony in other frequency ranges was modulated in a way that was neither unique to the specific stimulus conditions nor parallel to the fMRI results. Our results support the hypothesis that emphasizes the role of low-frequency LFP signal underlying rsMRI.
Introduction
Spontaneous intrinsic neuronal activity is a prominent feature of the mammalian brain (Buzsaki and Draguhn 2004) . Seemingly random noise in the resting-state magnetic resonance imaging (rsMRI) signal has been exploited to identify a number of "resting-state brain networks" (Biswal et al. 1995; Raichle 2011) . Alterations in such network activity are implicated in a range of neurodegenerative and neuropsychological diseases, including Alzheimer's disease (Li et al. 2002; Lustig et al. 2003; Greicius et al. 2004) , depression (Anand et al. 2003; Greicius et al. 2007) , and drug addiction (Hong et al. 2009; Gu et al. 2010; Tomasi et al. 2010) . Despite clinical potential of this technique (Greicius 2008) , the underlying mechanism and physiological relevance of the fluctuations remain poorly understood (Leopold and Maier 2012) .
Several lines of evidence suggest the important role of spontaneous slow and infraslow electroencephalographic (EEG) oscillations underlying the low-frequency blood oxygenation level-dependent (BOLD) fluctuations (Lu et al. 2007; He et al. 2008; Pan et al. 2013 ). However, contrasting hypotheses emphasize the role of higher frequency (gamma) EEG activity in the BOLD fluctuations (Nir et al. 2008; Shmuel and Leopold 2008; Schölvinck et al. 2010) . Mounting evidence supports the proposition that gamma enhancement reflects a state of high neuronal excitability and synchrony, and is involved in a number of brain operations, ranging from sensory perception, to perceptual binding, selective attention and memory (Engel et al. 1999; Fries et al. 2007; Jensen et al. 2007; Schroeder and Lakatos 2012) . However, the amplitude of gamma activity is often coupled with the phase of lower frequency delta and theta oscillations (Chrobak and Buzsaki 1998; Buzsaki et al. 2003; Lakatos et al. 2005) .
One approach to disentangle the relationship between electrophysiological and rsMRI signals is to investigate how an evoked response interacts with ongoing spontaneous brain activity. Previous electrophysiological (Arieli et al. 1995 (Arieli et al. , 1996 and functional MRI studies (Fox et al. 2006) suggested an approximately linear superposition between the evoked and the ongoing spontaneous activity, implying, at a first-order approximation, spontaneous ongoing activity and evoked response are two distinct processes, which can be registered both electrophysiologically and hemodynamically. Furthermore, sensory stimulation is known to induce robust enhancement in the high-frequency local field potential (LFP) signal, which correlates with the evoked BOLD response (Logothetis et al. 2001; Niessing et al. 2005) . Inspired by these observations, we modulated brain activity by continuous unilateral whisker deflection at different frequencies, and performed epidural EEG recording and fMRI experiment. We reason that continuous whisker stimulation will not only induce high-frequency LFP oscillations, it will also entrain low-frequency (delta) oscillations, thus modulating brain activity across a wide spectral range. Our data show that changes in low-frequency EEG power (<5 Hz) synchrony induced similar changes in fMRI BOLD functional connectivity in bilateral whisker barrel cortex (WBC), and support the role of spontaneous fluctuations in low-frequency EEG signal underlying rsMRI.
Materials and Methods

Whisker Deflection Apparatus
In contrast to electrical stimulation of the rodent whisker pad, which is limited to individual electrical pulses, mechanical deflection of whiskers permits continuous sensory stimulation, and has been used in a number of fMRI studies (Yang et al. 1997; Lu et al. 2004) . A computer-controlled whisker stimulator was customized, similar to the one used in a previous study (Lu et al. 2004 ). Briefly, a sinusoidal waveform was generated by a laptop computer, power-amplified, and used to drive a piezoelectric device. A small comb (1.5 cm in length, 1 cm in height, 12 teeth) was connected to the piezoelectric device through an actuator arm so that the amplitude, frequency, and duration of the backward/forward displacement of the comb could be prescribed. Stimulation parameters (waveform, frequency, amplitude) were calibrated using a Laser sensor device (ILD 1401, Micro-Optronic, Germany) . The distance between the surface of the rat whisker pad and the comb was about 1 cm. As a result, only ∼15 of the longest whiskers on the right side of the face were displaced. For fMRI experiments, an animal cradle and an aluminum table were customized to mount the stimulator onto the MRI platform (Fig. 1A) . For epidural EEG recordings, the stimulator was mounted on the wall with the actuator arm passing into the Faraday recording cage to move the comb. This arrangement eliminated vibration artifacts from the whisker stimulator.
Animal Preparation
Animal preparation was similar to a previous report (Lu et al. 2012) . Briefly, a total of 19 Sprague-Dawley rats weighing (250-350 g) were used in this study. Animals were initially anesthetized with 3% isoflurane followed by intramuscular administration of the α 2 -agonist (dexmedetomidine, 0.015 mg/kg). A femoral artery was catheterized for measuring blood gases (model: GEM Premier 3000, Instrumentation Laboratory, MA, USA). Rats were then intubated and positioned into a customized cradle made out of G10 fiberglass, which has susceptibility close to air. An aluminum guide system was constructed to manually move the cradle in and out of the magnet (see Fig. 1 ). Animals were mechanically ventilated (model: SAR-830 ventilator, CWE, Inc., PA, USA) and respiration rate fixed at 60 bpm, while the tidal volume was carefully adjusted to maintain arterial blood gas levels. A small triple-bifurcate plastic tube was used to route expired air from the intubation tube to a gas analyzer (GEM-INI Respiratory Monitor, CWE, Inc.), allowing for dynamically monitoring of tidal CO 2 and O 2 levels. Continuous intramuscular infusion of dexmedetomidine (0.015 mg/kg/h) was delivered using an infusion pump. Isoflurane concentration was gradually tapered to 0.5% in oxygen-enriched air, and was delivered via an artificial ventilator. A noninvasive pulse oximeter (Starr Life Sciences Corp., PA, USA) was connected to a hind paw to continuously monitor arterial oxygen saturation, which was maintained above 96% by adjusting the oxygen concentration in the gas mixture. Core body temperature was measured (TC-1000 temperature controller, CWE, Inc.) and maintained at 37.5 ± 0.3°C using a water-circulating heating pump. A separate computer running WinDaq data acquisition software (DATAQ Instruments, OH, USA) was used to digitize the temperature, end-tidal CO 2 and O 2 , cardiac and respiration signals, which were dynamically displayed on the operator's console and continuously monitored. All procedures were approved by the NIDA-IRP Animal Care and Use Committee.
fMRI Data Acquisition and Analysis fMRI experiments (N = 9) were carried out with a Bruker Biospin 9.4T scanner (Bruker Medizintechnik, Karlsruhe, Germany) equipped with an actively shielded gradient coil. A Bruker birdcage coil (inner diameter 72 mm) driven in linear mode was used for RF excitation. Since the Bruker surface receive-only coil interfered with the movement of the comb, a single-turn circular surface coil that accommodates the whisker stimulator was constructed for MR signal reception. This coil was made out of 13-gauge copper wire with an inner diameter of 1.8 cm. It featured an active decoupling circuit. Tuning and matching of the coil was performed for each animal with 2 rods extending to the back of the magnet. High-resolution T 2 -weighted anatomical images were acquired using a rapid acquisition with relaxation enhancement (RARE) sequence. Scan parameters: TR = 2500 ms, effective TE = 40 ms, RARE factor = 8, field of view (FOV) = 3.5 × 3.5 cm 2 , matrix size = 256 × 256, a total of 23 slices was acquired with a slice thickness of 1 mm. The decussation of the anterior commissure (−0.36 mm from bregma) served as the landmark to localize slices, which appeared dark in T 2 -weighted saggital anatomical images and could be readily identified (see Supplementary Fig. 1 ). The center of WBC is about 2 mm posterior to bregma (Paxinos and Watson 2007) . Functional images were acquired using a gradient echo echo-planar imaging (EPI) sequence. Scan parameters: FOV = 3.5 × 3.5 cm 2 , matrix size = 64 × 64, TR/TE = 1000/15 ms, a total of 13 slices was acquired with a slice thickness of 1 mm. Data acquisition bandwidth was 250 kHz. fMRI data were acquired 90 min after the initiation of dexmedetomidine administration since our previous study suggested that stable evoked BOLD responses began after this time point, presumably because animal physiology reached a stable steady-state condition (Lu et al. 2012) . For each animal, activation of the WBC was first identified following whisker deflection, which was subsequently used as seed regions for rsMRI data analysis. Stimulation paradigm was a block design consisting of 20 s prestimulus baseline followed by 3 cycles of 20 s ON and 40 s OFF. During the ON period, whiskers were displaced sinusoidally at 6 Hz with the peak-to-peak amplitude of 4 mm; no stimulus was delivered during the OFF period. This was followed by continuous-task scans during which whiskers on the right side were continuously deflected at 2, 4, or 6 Hz in a pseudorandom order, interspersed with resting periods during which no whisker deflection was delivered. Each of these resting and continuoustask scans lasted for 5 min. Figure 1B -D illustrates the experimental paradigm. Due to technical limitations, we were not able to apply whisker stimulation with higher frequencies because it was found that the displacement of the comb at higher frequencies was not reliable in the current high-field smallbore MRI settings.
Geometric distortions in EPI images were corrected using the PLACE method (Xiang and Ye 2007) . Raw EPI images in Supplementary Figure 2 illustrate data quality after geometric distortion correction. Images from individual animals were then co-registered onto a common 3D space aligned with a rat stereotaxic atlas using an approach previous described (Lu et al. 2010 ). Supplementary Figures 3 and 4 illustrate the quality of co-registration. Analyses were performed within the AFNI framework (Cox 1996) . Specifically, for BOLD response to whisker stimulation using the block-design paradigm (Fig. 1B) , individual time courses were first normalized to the prestimulus baseline. Data were then de-trended using second-order polynomials. Voxelwise BOLD response waveforms were derived using the 3dDecon-volve function in AFNI. The amplitude of BOLD response in each voxel was calculated by computing the area under the curve of the BOLD waveform. Group activation maps were derived by voxel-wise Student's t-test against the null hypothesis and thresholded at P < 0.005 with a cluster size of 8. BOLD response curves in regions of interest (ROIs) were computed by averaging time courses in individual areas, which were then further averaged across animals.
rsMRI data (see Fig. 1D ) were processed as follows: preprocessing steps included slice-timing correction, linear, and quadratic trend removal, spatial smoothing with a Gaussian kernel [full width at half maximum (FWHM) = 0.6 mm]. Data were low-pass filtered with a cutoff frequency of 0.1 Hz. Eleven voxel time courses from white matter (WM) were averaged to represent the WM signal, and fourteen voxels from lateral ventricle area were averaged to represent cerebral spinal flow signal. These 2 were considered nuisance signals related to physiological noise (mostly from respiration and cardiac pulsation), and were regressed out using the 3dDeconvolve function in AFNI. Eleven voxels in the center of the WBC activation maps (contralateral to whisker stimulation), along with 11 voxels mirrored on the contralateral WBC (ipsilateral to whisker stimulation) were chosen as ROIs. Time courses within each unilateral ROI were averaged to generate contra-or ipsilateral seed time courses, which served as reference functions to cross-correlate with voxel time courses of the entire brain. The resulting cross-correlation coefficients (CCs) were converted to Z scores via Fisher's z-transformation, which were then averaged within either the left or the right WBC to index the functional connectivity strength. The region of the WBC was defined based on the activation maps overlaid onto a rat digital atlas (Fig. 2) .
EPI data acquired during continuous unilateral whisker stimulation at 2, 4, or 6 Hz ( Fig. 1C) were analyzed in the same fashion as described above. Functional connectivity strength during the resting state and during each of the 3 continuous task states were subject to paired t-test. P < 0.05 was considered significant.
Electrophysiological Recording and Data Analysis
Electrophysiological experiments followed a design parallel to the MRI experiments. Animals (N = 10) were placed in a Kopf stereotaxic device under isoflurane. The skull was exposed and 3 craniotomies (∼2.5 mm diameter) were performed using a water-cooled drill. Two were centered at 2.4 mm posterior and 6 mm lateral to bregma over the left and right whisker barrel cortex and the third was centered at 7.0 mm posterior, 2.5 mm lateral to bregma over the right visual cortex. Semimicroelectrodes (SNEX-100X; Rhodes Medical Instruments, Inc., CA, USA) were stereotaxically placed on the intact dura at the center of each of the 3 locations while avoiding large blood vessels. Positions were adjusted slightly until robust evoked signals were recorded. Two stainless steel screws were positioned ∼12 mm posterior and 3 mm lateral to bregma over the left and right cerebellar cortex, serving as reference and ground electrodes, respectively. Upon completion of surgery, isoflurane was reduced to 0.5% and continuous infusion of dexmeditomodine was initiated Low-Frequency LFP Correlates with rsMRI Lu et al. | 685 following the same protocol as in the fMRI experiments. Rats were subsequently transferred into a Faraday cage. Epidural EEG signals were recorded using a multichannel data acquisition system (Plexon, Inc., TX, USA), and were amplified at a gain of 2000, bandpass-filtered at 0.3-2000 Hz, notch-filtered at 60 Hz, and digitally sampled at 4000 Hz. Each resting condition and continuous-task condition lasted for 5 min.
EEG data were analyzed in MATLAB (The MathWorks, Inc., Natick, MA, USA) and EEGLAB (Delorme and Makeig 2004) . Data were downsampled to 256 Hz. Time-frequency analysis was performed using the complex Morlet wavelet:
where the parameter ω 0 governs the relative time and frequency resolution, and was set to 6, which has been shown to provide a good trade-off between time and frequency localization (Torrence and Compo 1998; Grinsted et al. 2004) . Note that Ψ o is normalized to unit energy at each scale, so that the wavelet transforms at each scale are directly comparable. Wavelet scales were set as fractional power of 2 with the smallest scale equal 2 × δt, here δt is the datasampling interval. There were a total of 57 scales which gave sufficient frequency resolution (Torrence and Compo 1998) . At each wavelet scale, the wavelet power was derived by calculating the absolute values of the complex wave signal; power time course correlation between the 3 recording sites (bilateral WBC and the visual cortex) were then calculated and z-transformed. For display purpose, wavelet scales were converted to Fourier frequencies according to the method described by Torrence and Compo (1998) . The EEG signal was also divided into 5 traditional frequency bands for power spectral analysis (delta: 1-4 Hz; theta: 5-8 Hz; alpha: 9-14 Hz; beta: 15-25 Hz; gamma: 26-50 Hz). Data are presented as mean ± standard deviation unless otherwise specified. Implementation of the wavelet transform was based on a library of MATLAB functions provided by Grinsted et al.
(http://www.pol.ac.uk/home/research/waveletcoherence/). Following wavelet transformation, time-domain EEG data were decomposed into the so-called "spectro-temporal" domain ). For each recording electrode, there were 57 wavelet scales; each had its corresponding Fourier frequency. At each wavelet scale, there was a time course that reflected EEG power change as a function of time, which has the same temporal resolution as the raw EEG signal in the time domain. Wavelet-based time-frequency analysis thus offers a better compromise in spectral-temporal resolution than short-time Fourier-based time-frequency analysis. We calculated power correlations between the ipsi-and contralateral whisker barrel electrode pairs for each wavelet scale, resulting in a total of 57 correlation coefficients (CCs), which were transformed to Z scores. The same computations were performed between the visual and each of the whisker barrel electrode pairs.
In wavelet analysis, each wavelet scale has different window length, and thus different spectral resolution. Furthermore, the biological sources of the time courses at individual wavelet scales are not entirely independent. These factors together impose special challenges for statistical analysis. We applied a permutation-based, nonparametric statistical method according to the framework previously proposed (Lachaux et al. 2002; Maris and Oostenveld 2007; ) to compare the power correlation changes at the 3 stimulus conditions (2, 4, and 6 Hz) versus the resting condition, controlled for multiple comparisons, as detailed below:
Since the ipsilateral WBC-visual electrode pair had minimal response to whisker stimulation, we used data from this electrode pair to set statistical threshold (see Supplementary Fig. 5 ), controlling for false discovery rate (FDR) for the data acquired in the ipsi-and contralateral whisker barrel electrode pair. Specifically, for a given wavelet scale, we pooled data from the 3 stimulus conditions together, and randomly assigned data from the stimulus ON and OFF conditions into 2 groups. With a total of 10 animals, we had a total of 2 30 possible permutations. For the sake of efficiency, we performed 10 000 permutations. The difference in mean Z score between the 2 groups (noted as delta_Z) was calculated for each permutation, resulting in a histogram of delta_Z. A threshold of 5% was set from the histogram, reflecting 5% FDR, which was then applied to the data from the ipsi-and contralateral whisker barrel electrode pair. This procedure was repeated for each of the wavelet scales. Neighboring frequency bins that showed significant difference in delta_Z between the stimulus ON and OFF conditions were assigned to a spectral cluster. Cluster-level statistics controlling for multiple comparisons was then computed using the Monte Carlo approach ). Specifically, data from the ipsi-and contralateral whisker barrel electrode pair with the stimulus ON and OFF conditions were randomly partitioned into 2 groups; delta_Z within the maximum spectra cluster was calculated. This process was repeated for a total of 10 000 times, resulting in a histogram of cluster statics, a threshold of P < 0.05% was considered significant.
Results
BOLD Response to Whisker Stimulation with the Block-Design Paradigm
Unilateral whisker stimulation induced robust BOLD responses in the contralateral WBC and thalamic nuclei. Figure 2A illustrates group activation maps displayed as overlay onto a digital atlas, allowing for accurate identification of the activated regions, which included ventroposterior medial and ventroposterior lateral thalamic nuclei (VPM, VPL), primary barrel field (S1BF), and secondary sensory cortex (S2). The activated regions correspond well to the expected major sensory processing pathway in rodents (Paxinos 1995) . Figure 2B ,C shows averaged BOLD responses (N = 9) in S1BF and thalamic nuclei (VPM, VPL), respectively.
Comparison of Functional Connectivity During Rest versus Continuous-Task Condition
Functional connectivity was analyzed using the seed-based method (Biswal et al. 1995) . Figure 3 shows raw connectivity maps from one animal. The seed was chosen on the side ipsilateral to whisker stimulation. The resting connectivity maps cover bilateral WBC and S2, consistent with previous report (Lu et al. 2012 ). However, with continuous unilateral whisker stimulation, the connectivity strength in the seed area (black arrow) was similar, but the connectivity strength contralateral to the seed region was reduced at 2 Hz, compared with 6 Hz (white arrows), and the connectivity strength at 6 Hz was similar to that during the resting condition. The same analysis was also performed with a seed on the side contralateral to whisker stimulation. Results were similar, although there were slight differences in areas of the connectivity maps, and thus are not shown here. Finally, we did not observe any anticorrelation patterns under these conditions. We drew a WBC mask based on the activation maps and the digital atlas (Fig. 2A) ; a mirrored mask covering the homonymous WBC (ipsilateral to whisker stimulation) was also drawn. Connectivity strength within individual masks was averaged, and was compared between the resting and each task condition (2, 4, or 6 Hz). On the seed side, the connectivity strength was similar across the 4 conditions. This is expected, since the seed time course was used as the reference function for computing the CCs. But contralateral to the seed, in comparison to the resting condition, there was a reduction in connectivity strength at 2 Hz, but not at 4-or 6-Hz whisker stimulation (Fig. 4) .
Bilateral EEG Power Correlation Modulated by Unilateral Continuous Whisker Stimulation
Given the differential modulation of functional connectivity in bilateral WBC by unilateral whisker stimulation as shown above, we next explored its neurophysiological correlates, and performed epidural EEG recording in a separate group of identically prepared animals. Figure 5 illustrates 3 raw EEG traces downsampled to 256 Hz. It is apparent that the EEG signal was dominated by slow oscillations at 1-2 Hz during the stimulation OFF period. Unilateral whisker stimulation induced higher frequency components, while the amplitudes of low-frequency Low-Frequency LFP Correlates with rsMRI Lu et al. | 687 component were slightly suppressed (de-synchronization). This observation is similar to previous reports in mouse WBC (Crochet and Petersen 2006; Mohajerani et al. 2010) . Quantitative analyses across animals (N = 10) revealed a 9.1 ± 4.3% reduction in power in the delta band, while increases in power were seen across all higher frequency bands: 18.8 ± 18.6% in theta, 57.4 ± 37.5% in alpha, 360.9 ± 190.2% in beta, and 170.3 ± 87.6% in gamma band.
We then computed power time courses using the wavelet analysis method. For each recording site, there were 57 time courses corresponding to 57 wavelet scales. For each wavelet scale, we calculated power CCs between individual recording electrodes. There were 57 CCs between 2 electrode pairs, which were then transformed to Z score for group comparison controlled for multiple comparisons using a nonparametric approach (Lachaux et al. 2002; ). The left panel in Figure 6 illustrates power correlations across 57 wavelet scales (each corresponds to one Fourier frequency) in the continuoustask condition (2, 4 or 6 Hz) versus the resting condition (during which no stimulation was applied). The right panel shows statistical results displayed in an exponential scale (e x ) for visual clarity. At the 6-Hz stimulus condition, significant changes in bilateral WBC power correlation were seen in the frequency bins of 6.5-33.8 Hz; At the 4-Hz stimulus condition, significant changes were seen in the frequency bins of 7.1-20.1 and 43.8-62 Hz; At the 2-Hz stimulus condition, significant changes were seen in the frequency bins of 7.1-21.9, 0.97-1.37, and 3.26-4.6 Hz. Thus, across all 3 continuous-task conditions, we observed significant changes in bilateral WBC power correlation at frequencies >5 Hz (indicated by gray shading). On the other hand, changes in power correlation in the low-frequency (<5 Hz) band were seen only at a stimulation frequency of 2 Hz, but not at 4-or 6-Hz stimulation condition.
Discussion
In the present study, we found that low-frequency (<0.1 Hz) spontaneous BOLD fluctuations in bilateral WBC was modulated by unilateral continuous whisker stimulation at 2 Hz, but not at 4 or 6 Hz. Electrophysiologically, epidural EEG recording revealed that, in the high-frequency ranges (>5 Hz), power correlation in bilateral WBC was significantly modulated across all whisker stimulation conditions. However, only in the delta-frequency range was the power correlation significantly modulated at 2 Hz, but not at 4-or 6-Hz stimulation condition, paralleling the fMRI findings. EEG power correlation in other frequency ranges were similarly modulated irrespective of the stimulus conditions.
Neural Correlate of the Resting-State fMRI Signal
Robust neurovascular coupling has been the corner stone of functional neuroimaging (Raichle 2001) . Data accumulated over the past decades point to the tight correlation between the fMRI BOLD signal and LFPs, with the latter being a mass neural signal that captures a multitude of neural processes, including excitatory and inhibitory synaptic potentials, after-potentials and voltage-gated membrane oscillations, reflecting both the input of a given area as well as its local intracortical processing (Lauritzen and Gold 2003; Logothetis 2003) . In the context of rsMRI, there have been substantial efforts to elucidate the neuronal basis of spontaneous BOLD fluctuations. Human EEG and MEG studies generally reported broad linkage between brain electrical activity and rsMRI signal (Mantini et al. 2007; Laufs 2008; de Pasquale et al. 2010; Hlinka et al. 2010) . Several studies emphasize the role of alpha rhythm in the temporal dynamics of the resting BOLD signal (Goldman et al. 2002; Laufs et al. 2006; Chang et al. 2013) . A number of studies reported that correlational activity in the high-frequency band (gamma band) underlies the rsMRI signal (Nir et al. 2008; Shmuel and Leopold 2008; Murayama et al. 2010) . Given the nature of tight neurovascular coupling, it is conceivable that brain electrical activity at all frequency bands will have their hemodynamic signatures (Leopold et al. 2003; Schölvinck et al. 2010; Wang et al. 2012) . The challenge, however, is to find the major electrophysiological driving force that underlies the rsMRI signal. Theoretically, if certain frequency bands of the LFP signal are identified as the major contributor to the rsMRI signal, then by modulating brain electrical activity within these bands, one should expect modulations in corresponding functional connectivity measured by rsMRI.
In the present study, we reasoned that if the high-frequency LFP signal underlies rsMRI, then by modulating brain electrical activity within these bands, we should expect modulations in corresponding fMRI functional connectivity. This supposition was not supported by our data: significant changes in power correlation were observed across all 3 tested stimulation conditions (2, 4, and 6 Hz), but only at the 2-Hz stimulation condition did we observe significant changes in functional connectivity. On the other hand, when the whisker deflection induced power correlations in the delta band, we also observed changes in functional connectivity. In a recent optical imaging study using voltage-sensitive dye to measure membrane potentials and intrinsic signal to index hemodynamic response (Li et al. 2014) , hemodynamic signal correlational maps were highly similar to those generated by slow cortical potentials (0.1-4 Hz), In contrast, neural activities measured at higher frequency bands appear to play only a minor role. These results are generally in line with previous reports using voltage-sensitive dye imaging (Mohajerani et al. 2010) and intrinsic optical imaging (White et al. 2011) . Our results together with previous reports support the view that spontaneous activity in the delta band drives the rsMRI signal (Lu et al. 2007; He et al. 2008; Raichle 2011; Pan et al. 2013 ).
Functional Roles of Delta Oscillations
Low-frequency oscillations, in particular, the delta oscillations, have been traditionally considered to index sleep stages (Steriade and Amzica 1998 ). Recent data demonstrate that such low- were converted to Z score. Data are displayed as mean ± stand error. Note that unilateral whisker stimulation significantly reduced power correlations in low-frequency range (<5 Hz, pink shading) under the 2-Hz stimulus condition; power correlation at higher frequency ranges (>6 Hz, gray shading) was reduced across all 3 whisker stimulation conditions (2, 4, and 6 Hz). X-Axis is at exponential scale (e x ) for visual clarity.
Low-Frequency LFP Correlates with rsMRI Lu et al. | 689 frequency oscillations reflects rhythmic shift in the excitability of local neuronal ensembles. Indeed, hierarchical control of neuronal excitability by "cross-frequency phase-amplitude coupling" has been suggested (Lakatos et al. 2005) , with the phase of delta oscillation modulating the amplitude of theta oscillation, and theta phase modulating gamma amplitude, leading to the proposition that gamma is the slave to, not the master of, lower frequency activity (Schroeder and Lakatos 2009 ). More recent evidence suggests that delta-band oscillations can function as an instrument of attentional selection (Lakatos et al. 2008) . In that study, monkeys were trained to perform an intermodal selection task in which auditory and visual stimuli were delivered in a rhythmic, interdigitated stream. Although activity in the granular layer entrains to the input stream, as evidenced by amplitude modulation; delta oscillations in the supragranular layers were in opposite phase in the 2 attention conditions, suggesting a relationship between delta oscillation phase and neuronal excitability. Such "cross-frequency phase-amplitude coupling" was also apparent in rat striatal system, where cells fire only during the hypopolarized up-state (Goto and O'Donnell 2001) . In another study involving simultaneous surface EEG, intracortical LFP, and multiunit activity (MUA) measurement (Whittingstall and Logothetis 2009) , it has been shown that, in single trials, EEG power in the gamma band (30-100 Hz) and phase in delta band (2-4 Hz) are significant predictors of the MUA response. MUA response was strongest only when increases in EEG gamma power occurred during the negative-going phase of the delta wave. These data together suggest that cross-frequency phase-amplitude coupling may be a fundamental mechanism of brain operation.
Identifying the key role of delta oscillations in rsMRI signal could have important implications for the interpretation and application of spontaneous BOLD fluctuations and large scale brain network function. One notable, but somewhat "puzzling" feature of resting-state functional connectivity networks is their relatively widespread localization, not centering on specific fine structures as typically observed in evoked BOLD response. For example, the so-called default mode network (DMN) encompasses a number of association and limbic cortices, including medial prefrontal, anterior cingulate, posterior cingulate, hippocampal, and parahippocampal cortex Greicius et al. 2003) . What binds these spatially disparate areas together? Studies with pharmacologically isolated networks and theoretical modeling suggest that gamma oscillations are generated by rhythmic synchronization of interneurons with excitatory drive from pyramidal cells ). Such oscillations are typically confined to local networks. Making individual DMN structures fire together would require the excitability of local neurons to be in phase. We reason that low-frequency oscillations are well suited to do so through the mechanism of crossfrequency phase-amplitude coupling given that low-frequency oscillation reflects rhythmic shift in cell excitability (Lakatos et al. 2005 ). This idea is consistent with the proposition that gamma band oscillations serve as a "slave" to low-frequency activity (Schroeder and Lakatos 2009 ). Furthermore, unlike gamma synchronization, delta synchronization covers large areas (von Stein and Sarnthein 2000) ; this could also explain the relatively widespread localization of resting-state functional connectivity networks.
Ongoing Spontaneous Activity Modulated by Tasks
The relationship of and interaction between ongoing spontaneous activity and task-induced brain activity has been a subject of great interest. Performance of a sustained attention-demanding working memory task attenuates correlational spontaneous activity in the DMN (Fransson 2006) . A recent study reported that, using an N-back task, the functional connectivity within both the working memory network and the DMN was enhanced with increasing cognitive load (Newton et al. 2011) . Another study comparing declarative versus nondeclarative memory-encoding tasks reported enhanced ongoing spontaneous activity in episodic memory-related circuitry (Xu et al. 2006 ). In the language system, functional connectivity was enhanced by continuously listening to narrative text (Hampson et al. 2002) . In the sensory motor system, continuous bilateral finger tapping increases functional connectivity between primary and supplementary motor cortex at 1 Hz, but not at 2 or 4 Hz relative to resting state (Newton et al. 2007 ). Thus, the net effect of continuous task on spontaneous ongoing activity appears complex, depending on not only the types of task, but also brain system.
What neural mechanism could underlie such diverse effects? Our data suggest a possible explanation and prediction: for the rsMRI signal to be modulated, the low-frequency LFP band signal should be modulated. The direction of modulation (increase or decrease in functional connectivity) can be derived by low-frequency LFP or vice versa.
Comparison with Previous Studies
Data from multiple laboratories support the notion that task-induced BOLD response correlates with broadband LFP signal. The study by Niessing et al. (2005) in the visual cortex of the anesthetized cat offers an example: low-frequency activity in the delta band showed a strong "negative" correlation with hemodynamic signal measured by intrinsic optical imaging; gamma band power, in particular the high gamma band, showed a strong "positive" correlation. A more recent study in the visual cortex of nonanesthetized monkeys (Magri et al. 2012 ) also confirmed that BOLD signal reliably followed gamma power changes; they further showed that relative power in alpha, beta, and gamma bands affected the amplitude and the latency of BOLD response. In the context of rsMRI, spontaneous fluctuations in gamma band power have been reported to correlate with rsMRI signal in monkeys and human (Nir et al. 2008; Shmuel and Leopold 2008; Murayama et al. 2010) . Another study (Schölvinck et al. 2010) reported that the spontaneous fluctuations in LFP measured at rest from a single cortical site in monkeys exhibit widespread, positive correlations with fMRI signals over nearly the entire cerebral cortex. This correlation was especially consistent in a band of upper gamma-range frequencies (40-80 Hz), for which the hemodynamic signal lagged the neural signal by 6-8 s. A strong, positive correlation was also observed in a band of lower frequencies (2-15 Hz), with a lag close to zero. In rats anesthetized with isoflurane, broadband LFP power has been reported to correlate with rsMRI signal (Liu et al. 2011) , with gamma activity being most tightly correlated with the local BOLD signal but delta power correlation being most predictive of functional connectivity as the depth of anesthesia changed (Pan et al. 2011) . In another rat study involving callosotomy, in comparison to reduced functional connectivity in bilateral sensory cortex of the rat, reduction in broadband LFP power synchrony was observed with delta and gamma bands showing the greatest reduction (Magnuson et al. 2014 ).
Both our previous study (Lu et al. 2007 ) and our current data emphasize the role of low-frequency synchrony, particularly delta activity, underlying the rsMRI signal, which is to some extent, at variance with several previous reports. One technical issue should be considered when comparing these studies: our electrophysiological data were acquired using semimicroelectrodes on the dura while others employed intracortical microelectrode recording. One advantage of our approach is that the epidural EEG signal likely reflects neuronal activity from the entire ROI (WBC), against which the BOLD signal is compared. In contrast, however, sensitivity to pick up high-frequency gamma activity is much lower with epidural recording. This technical limitation may have contributed to some of the differences mentioned above. Anesthesia regimes should also be taken into consideration (see below).
Limitations and Technical Considerations
In general, the spatial and temporal scales of electrophysiological measures do not match that of fMRI. Depending on the recording site and the electrode properties, MUA has been estimated to represent the weighted sum of the extracellular action potentials from neurons within a sphere of 140-300 µm radius around the electrode; LFPs recorded with intracortical microelectrodes reflect a weighted average of synchronized dendrosomatic components of the synaptic signals from neural population within 0.5-3 mm of the electrode tip (Logothetis 2003) . On the other hand, fMRI is generally measured on a spatial scale of millimeters (although high-field imaging could somewhat improve spatial resolution). Spatial smoothing and group averaging further reduces spatial resolution. Temporally, fMRI is measured on a level of seconds, while LFP signal covers a wide range of frequencies, from DC signal to fast changing gamma activity up to hundreds of Hertz. Such mismatches in spatial and temporal scales could intrinsically misguide comparison of the 2 types of signals. In this study, we measured WBC EEG signal epidurally, which presumably reflects the electrophysiological signal from the entire WBC (but likely also beyond WBC due to volume conduction), resulting in low sensitivity to high-frequency EEG components. fMRI signal was averaged across the entire WBC for comparison. This strategy has essentially abolished the functional connectivity information on a meso-scale of 100 µm. In this regard, experiments combining voltage-sensitive dye imaging with simultaneous intrinsic optical imaging offers certain advantages, since these 2 techniques have similar spatial resolution, and ambiguity due to volume conduction is entirely eliminated (see Lu and Stein (2014) for a more detailed discussion).
The methodological rationale of this study lies in unilateral modulation of WBC activity. However, bilateral barrel cortices are known to have strong callosal connections. Physiologically, complex neuroplasticity occurs in the ipsilateral cortex following unilateral peripheral nerve injury, as demonstrated by enhanced BOLD response and neuronal activity to ipsilateral electrical stimulation of the nerve (Pawela et al. 2008; Pelled et al. 2009 ). Simultaneous neurophysiology and fMRI study by Ogawa et al. (2000) also demonstrated complex interaction between bilateral sensory cortices. Thus, the interpretation of our data could have potentially oversimplified the complexity of brain processes.
In the present study, we employed a "reductionist" approach, and anesthetized the animals, which permitted differential manipulation of brain activity electrically and hemodynamically, as shown in Figures 2 and 5 . A key question is whether the findings from the anesthetized preparation can be extrapolated to the conscious condition, and ultimately to humans. Clearly, the attentional, motivational and affective components involved in task performance in humans cannot be readily mimicked in the anesthetized preparation. Furthermore, anesthetics, such as isoflurane and dexmedetomidine, modulate multiple neurotransmitter systems at the cellular level (Brown et al. 2011 ), which in turn modulates both neuronal and hemodynamic responses to whisker stimulation. These factors together could limit the generalization of the findings. Further experiments are necessary to examine whether the same effect exists under different anesthetics or with different types of stimulation, and ultimately in human subjects. In the latter regard, Amann et al. (2009) employed a unilateral (right hand) finger tapping task, and found that functional connectivity between bilateral primary motor cortex was distinctively reduced with a self-paced tapping frequency of roughly 1 Hz, a finding corroborated by our animal data. Unfortunately, Amann et al. did not report how the functional connectivity would be modulated by finger tapping at higher frequencies (e.g., 6 Hz), presumably limited by task difficulty.
Due to multiple technical challenges, we performed electrophysiological recordings and fMRI experiments in 2 separate groups of animals. It would have been ideal to perform these 2 measurements simultaneously within the same animal. Nevertheless, we believe the methodology employed is theoretically sound since we modulated brain activity instead of simply comparing ongoing brain activity (which would otherwise require simultaneous recordings, since spontaneous ongoing activity is not likely to remain the same at 2 different time windows). This is true as long as the experimental conditions during the separate recordings remain the same. In reality, since one cannot be certain that conditions remained exactly the same across preparations, the interpretation of our findings is limited should systematic variations in experimental conditions have arisen despite our efforts to the contrary. To overcome this potential limitation, future studies should perform simultaneous electrophysiological and fMRI recordings in both this and other model systems to examine the proposed hypothesis.
In summary, this study aimed at determining which frequency band(s) in the LFP signal correlates with the rsMRI signal. We systematically modulated brain activity in WBC by unilateral mechanical whisker stimulation. Despite the fact that 4-and 6-Hz whisker movement significantly modulated LFP signal in high-frequency ranges, the functional connectivity between bilateral WBC was not modulated. On the other hand, whisker movement at 2-Hz reduced LFP power synchrony in both highand low-frequency ranges, and reduced bilateral WBC functional connectivity. Our findings support the hypothesis that spontaneous fluctuations in low-frequency LFP band correlates with the rsMRI signal.
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